) ABSTRACT: Global contamination with organochlorine compounds OCs has posed developmental and reproductive problems in wildlife worldwide. However, little is known about the impact of OCs or other pollutants on amphibians, despite mounting concerns about amphibian population declines and developmental deformities in the wild. Wildlife populations may be affected critically by sublethal impacts of anthropogenic disturbances, yet little research has focused on such effects in amphibians. In the ( ) current study, northern leopard frog Rana pipiens tadpoles were chronically exposed to a polychlori-( ) nated biphenyl PCB congener, 77-TCB, and effects on behavior, morphology, competitive performance, and corticosterone content were determined. R. pipiens activity levels and feeding rates were decreased by 77-TCB exposure, but morphology of mouthparts and body proportions were unaffected.
INTRODUCTION
Environmental contamination with organochlorine Ž . OC compounds has become a global problem, with negative consequences for human and wildlife health becoming increasingly evident. Although the use of Ž . polychlorinated biphenyls PCBs in developed countries was phased out in the late 1970s, these compounds persist at high levels in the environment. Atmospheric transport of PCBs has contributed to their global distribution, with measurable concentrations found in wildlife from such remote locations as the Ž . Canadian Arctic Birge et al., 1978; Eisler, 1986 . Organochlorine compounds, including PCBs, dichlo-Ž . rodiphenyltrichloroethane DDT , other pesticides, and dioxin, accumulate in wildlife tissues and are associated 
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with developmental and reproductive problems in birds, Ž fish, mammals, reptiles, and invertebrates birds: Elliot et al., 1996; Gilbertson et al., 1991; Hart et al., 1991; Kubiek et al., 1989; Weseloh et al., 1983; Wiemeyer et . Ž . al., 1984 ; fish: Leatherland, 1992; Walker et al., 1994 ; Ž . Ž mammals: Fanelli et al., 1980 ; reptiles: deSolla et al., . Ž 1998; Guillette et al., 1994 ; invertebrates: Depinto et . al., 1993 . Early observations of thinned eggshells and reproductive failure among Great Lakes birds exposed to OC compounds prompted research into the effects of these compounds on the gonadal steroids estrogen Ž and testosterone Lincer and Peakall, 1970; Risebrough . et al., 1968 . Since then, alterations of reproductive hormone axes have been demonstrated in virtually all vertebrate classes exposed to OC compounds, although the specific effects differ with taxon and with particular Ž OC compound cf. Crews et al., 1994; Guillette et al., 1994; Kleeman et al., 1990; Machala et al., 1998; Ne-. saretnam et al., 1996; Nowicki and Norman, 1972 . OC compounds also have been found to impact the thyroid and adrenal axes. Such disruptions have the potential to alter basic developmental processes, as the hormones produced by these two axes play critical roles in morphogenesis. As with the gonadal hormones, the nature of these alterations varies with taxon, OC com-Ž pound, and study cf. corticosteroids: Byrne et al., 1988; Fowles et al., 1997; Freeman and Sangalang, 1977;  . Jonsson et al., 1993; Lund, 1994; Miller et al., 1993 ;  Žthyroid hormones: Lans et al., 1993; Leatherland and Sonstegard, 1978; Rickenbacher et al., 1986; Van den . Berg et al., 1994 . Several studies have demonstrated that exposure to OCs alters an animal's corticosteroid response to an external stressor or an adrenocorti-Ž . Ž cotropic hormone ACTH injection Gendron et al., 1997; Hontela et al., 1992 Hontela et al., , 1995 Ilan and Yaron, 1983;  . Quabius et al., 1997 . Most of these studies have included birds, fishes, and mammals. Many fewer studies have examined the Ž effects of PCBs on reptiles or amphibians see deSolla . et al., 1998; Guillette et al., 1994 , for reptile studies . The few amphibian studies that have been conducted report variable effects of OC contamination, including decreased survival, growth, and swimming speed in Ž ranid frog eggs Jung and Walker, 1997; Rosenshield et . al. 1999 , impaired corticosteroid response to stress in Ž . mudpuppies Gendron et al., 1997 , and reversed sex Ž . ratios in cricket frogs Reeder et al., 1998 , but also findings of no effect in adult ranid frogs from OC-con-Ž . taminated orchards Harris et al., 1998a Harris et al., , 1998b or amphibian assemblages in PCB-contaminated habitats Ž . Ž . Fontenot et al., 1996 . Gutleb et al. 1999 exposed gravid adult female Xenopus lae¨is and Rana temporaria frogs to OCs and found developmental malformations and impaired growth in their eggs and tadpoles.
Amphibians are drawing increasing attention from conservation biologists, due to reports of widespread Ž declines in amphibian populations Crump et al., 1992; . Wake, 1991; Wyman, 1990 and a high incidence of Ž deformities in populations of the upper Midwest EPA, . 1996; Ouellet et al., 1997 . These problems have highlighted the fact that we know very little about the sensitivity of amphibians to various types of environmental disturbance, including pollution. We also know little about natural patterns of population size fluctuation or background rates of developmental deformities.
The present study examined the effects on amphibian fitness components of a PCB congener, 3,3Ј,4,4Ј-Ž . tetrachlorobiphenyl 77-TCB , that has known endocrine, developmental, and toxic effects in other taxa Ž Darnerud et al., 1996; Nesaretnam et al., 1996; Poland . and Knutson, 1982; Van den Berg et al., 1988 . 77-TCB Ž . hereafter TCB is one of many PCB congeners found Ž in contaminated Michigan wetlands Glennemeier and . Begnoche, in press . The northern leopard frog, Rana pipiens, is native to the Midwest, and its numbers have Ž been reported to be declining Lannoo et al., 1994; Orr . et al., 1998 . While it is unlikely that PCB contamination is the most important explanation for reported R. Ž . pipiens declines Orr et al., 1998 , knowledge of the potential impacts of PCBs on this species will be essential to amphibian conservation efforts, given the global and persistent nature of PCB contamination.
Direct effects of pollution on survivorship are well Ž documented and vary with taxon and pollutant cf. Birge et al., 1978; Birge and Cassidy, 1983; Mahaney, . 1994 . The potential for sublethal effects of pollutants is now being recognized as well; for example, the reproductive and developmental effects of OCs discussed above. Tadpole behavior and morphology Ž strongly influence growth and survivorship Anholt and Werner, 1995; Hoff et al., 1999; Relyea and Werner, 1999; Skelly and Werner, 1990; Skelly, 1992; Werner, . 1991 , but few studies have examined the effects of pollution or disturbance on these traits.
The current study examined the effects of chronic exposure to TCB on behavior, morphology, and competitive performance in R. pipiens tadpoles. We also analyzed TCB effects on basal and ACTH-stimulated whole-body corticosterone content, since the interrenal axis is known to influence animal behavior, growth, and development. By using an integrative approach, we hoped to examine emergent effects at higher organizational levels that would not be predicted by knowledge of biochemical or behavioral mechanisms alone.
MATERIALS AND METHODS

Animal Husbandry and Treatment
Rana pipiens eggs were obtained from laboratory popu-Ž . lations at Nasco Science Fort Atkinson, WI , and R. syl¨atica eggs were collected from ponds within the Pinckney Recreation Area in Livingston Co., Michigan. Later analysis of tadpoles revealed nondetectable TCB levels. Tadpoles were maintained in environmental chambers at 22 " 2ЊC, at 12L:12D, and all experiments were conducted under these environmental conditions. For all experiments, each treatment was randomly assigned a position on each of four shelves within the environmental chamber. Tadpoles were fed a 3:1 mixture of ground Purina Rabbit Chow: Tetramin Fish Flakes. Food level was 10% of tadpole body mass per day unless otherwise noted for an individual experiment. Tadpoles were weighed approximately weekly, and food levels were adjusted according to tadpoles' increased mass.
Effect of Vehicle on Corticosterone Content
Ž TCB 3,3Ј,4,4Ј-tetrachlorobiphenyl; 99 q % pure; Ultra . Scientific, Inc., Kingstown, RI exposure was achieved by dissolving the compound in an acetone solution, adding this solution to the tadpoles' ground food, and allowing the solution to evaporate in a fume hood. Prior to experiments with TCB, potential vehicle effects were determined by comparing growth and corticosterone content of tadpoles fed food treated with 100% acetone, a 1% acetone solution, or no acetone Ž . unsoaked . At Gosner stage 25, tadpoles were placed into 4-L plastic tanks at a density of 10 per tank, with three replicate tanks per treatment. After 33 days of feeding on acetone-treated or control food, animals were anesthetized in 0.01% benzocaine, weighed, and frozen at y20ЊC for later analysis of whole-body corticosterone content. For all experiments in which tadpoles were collected for corticosterone analyses, animals were anesthetized by immersion in 0.01% benzocaine immediately upon entry of the investigator into the environmental chamber to minimize any stress response of the animals to the presence of the investigator.
Behavior and Morphology
Beginning at Gosner stage 25, tadpoles were fed food Ž . containing either 10, 100, or 1000 ngrg ppb TCB, with 10 animals per 4-L plastic tank and 6 replicate tanks per treatment. Due to effects of the pure acetone Ž . vehicle see Results , TCB was dissolved in a 1% acetone solution before addition to the food and drying in a fume hood. Behavioral observations were conducted after 5, 9, 14, and 16 days of TCB exposure. Observations were made by the investigator standing next to the tanks and recording the number of tadpoles in each tank swimming, resting, and feeding at a given moment. After all tanks had been observed once, the procedure was repeated immediately for a total of 10 observations per tank per day. Tank labels were not visible to the investigator during observations.
Data were recorded as the proportion of the total number of animals in a tank doing each activity. The 10 observations of each tank in a given day were averaged to provide the mean value for that tank on that day. These means were then used to calculate a treatment mean and standard error among the six replicate tanks Ž . for each treatment, giving a sample size of 6 not 60 for statistical analyses. The 10 observations were conducted to provide an accurate estimate of the activity within a tank and were not considered separate replicates in a statistical sense.
On day 17, ten tadpoles per treatment were sampled randomly from the 6 replicate tanks and preserved in 10% formalin for morphological measurements. Tail length and depth, tail muscle depth, and body mass were measured using a stereo microscope and camera, Ž with Bioscan Optimas image analysis software Opti-. mas Corp., Bothell, WA . Gross morphology of mouthparts was qualitatively assessed.
Competitive Performance
Ž Given the behavioral effects of TCB exposure see . Results , R. pipiens and R. syl¨atica tadpoles were experimentally manipulated to determine whether TCB exposure affected the competitive relationship between the species or the growth of each species alone. All experiments were initiated at Gosner stage 25᎐26 Ž . Gosner, 1960 and conducted in 4-L plastic tanks, with 5 replicate tanks per treatment. Tadpoles were fed food Ž . containing 1000 ngrg ppb TCB or 1% acetone vehicle, at a food level of 7.5% of body mass per day. This food level has previously been shown to induce re-Ž . source competition among these species Werner, 1992 . Tanks included either 6 R. pipiens, 12 R. syl¨atica, or 6 R. pipiens plus 12 R. syl¨atica tadpoles. Per capita food levels were held constant among all treatments, so that effects of density could be isolated from any effects of decreased individual food rations. However, this means that absolute food levels were greater in higher-density tanks. R. syl¨atica tadpoles were added in greater numbers in the two-species tanks because we wanted to reduce R. pipiens intraspecificᎏrelative to interspecificᎏcompetition. Doing so allowed us to determine Ž . effects of the heterospecific competitor R. syl¨atica Ž . on the target species R. pipiens with fewer confound-Ž ing effects of conspecific competitors see Underwood, . 1986 .
After 7 days' treatment, animals were weighed and relative growth calculated by subtracting a tank's mean initial mass for a species from the tank's mean final mass and dividing this difference by the tank's mean initial mass for that species. Measures of relative growth for replicate tanks were averaged to provide an overall mean relative growth for the treatment. Competitive response was defined as a species' relative growth in Ž the presence of heterospecific competitors using the . mean of the three replicate tanks divided by its rela-Ž tive growth in single-species tanks mean of three repli-. cate tanks . The variance of each quotient was estimated using the variances of the respective means for Ž . that quotient see Kish, 1965 , for formula . Values greater than 1 indicate that a species grew better in the presence of competitors than when alone, and values less than 1 indicate poorer growth in the presence of competitors.
Corticosterone Content and Response to ACTH
Whole-body corticosterone content after ACTH injection was measured in TCB-exposed R. pipiens tadpoles. Tadpoles were fed food containing either 10, Ž . 100, or 1000 ngrg ppb TCB beginning at Gosner Ž . stage 25 Gosner, 1960 , with 10 animals per 4-L plastic tank and 3 replicates per treatment.
After 28 days of treatment, all tadpoles from the three tanks within a treatment were combined into a single tank and then randomly assigned to uninjected, Ž . vehicle saline -injected, or ACTH-injected groups. Each group from each treatment was placed into a separate 4-L tank, undisturbed and unfed for 24 hr prior to injection. Tadpoles in the ACTH treatment group were injected through the tail muscle into the Ž dorsal peritoneum with 0.2 IU ACTH Sigma-Aldrich, . St. Louis, MO per gram body mass, delivered in 10 L Ž . phosphate buffered saline PBS; 0.02 M, pH 7.2 . Tadpole mass ranged from 50 to 150 mg. Vehicle-injected tadpoles were injected with PBS alone. Five hours after injection, tadpoles were anesthetized by immersion in 0.01% benzocaine, weighed, and frozen at y20ЊC for later analysis of whole-body corticosterone. Uninjected tadpoles also were collected to determine basal corticosterone content. All animals were collected between 1500 and 1700 hr, to minimize any circadian variation in corticosterone content.
Corticosterone Extraction and Radioimmunoassay
Whole-body corticosterone content was determined by Ž . radioimmunoassay RIA following organic extraction of the hormone from collected tadpoles. The extraction Ž . procedure is described by Hayes and Wu 1995 and Ž . Denver 1998 . Briefly, tissues were homogenized in ethyl acetate and the extracts fractionated by thin layer Ž . chromatography TLC to separate corticosterone from other lipids. The region of the TLC lane containing the Ž corticosterone as determined by calibration with both radiolabeled and radioinert corticosterone; see Denver, . 1998 was scraped and the silica collected into a borosilicate glass tube. The silica was extracted with ethyl ether, and the extract was dried under nitrogen Ž and resuspended in PBS-gelatin PBS-G; 0.02 M, pH . 7.3 for corticosterone RIA. The RIA was conducted as Ž . described by Licht et al. 1983 . Anticorticosterone serum was purchased from Endocrine Sciences Ž . w 3 x Calabasas, CA and H -corticosterone from NEN Ž . Life Science Products, Inc. Boston, MA . Samples from a single experiment were analyzed in a single RIA or in multiple RIAs on a single day. Inter-and intraassay coefficients of variation were 13 and 8%, respectively, and were monitored by including a quality con-Ž . trol standard pooled rat plasma in each RIA.
Statistics
Vehicle effect data were analyzed using one-way ANOVA of treatment versus body mass or corticosterone content of individual tadpoles, followed by Ž . Fisher's least squares difference LSD pairwise comparisons between individual groups. For determinations of statistical significance using LSD comparisons, alpha values were adjusted to account for multiple comparisons.
Behavioral data were analyzed by repeated-measures ANOVA of treatment versus proportion resting Ž or feeding proportions were square root arcsine trans-. formed , repeated for the four observation dates. Linear regression of the logarithm of TCB dose versus Ž . proportion time square root arcsine transformed was used to analyze data within individual observation dates. The morphological ratios of body mass-to-tail length, body mass-to-tail depth, and body mass-to-tail muscle depth for each tadpole were analyzed using MANOVA of treatment versus the three ratios. Linear regressions of body mass versus tail length, tail depth, and tail muscle depth demonstrated linear relationships Ž 2 between body mass and each variable R ) 0.93;
. p-0.00005 .
For competition experiments, the effect of TCB exposure on growth in the absence of competitors was analyzed using two-way ANOVA, with relative growth as the dependent variable and TCB treatment and species as independent variables. The competitive hier-Ž archy between species i.e., the relative growth of each . species in the presence of the other was analyzed using Student's t-test, with species as the independent variable and relative growth as the dependent variable. Since competitive response was estimated using the means shown in Table I , ANOVA could not be per-Ž . formed n s 1 . The estimated variances associated with the competitive response ratios provide a qualitative assessment of treatment effect.
For corticosterone content after ACTH injection, data were analyzed using two-way ANOVA, with corticosterone content of individual tadpoles as the dependent variable and TCB dose and ACTH manipulation as independent variables. Fisher's LSD pairwise comparisons were performed to determine differences between specific treatment groups, using adjusted alpha values to account for multiple comparisons.
RESULTS
Effect of Vehicle on Corticosterone Content
Whole-body corticosterone content of tadpoles fed 100% acetone-treated food was approximately one-half that of tadpoles fed untreated food or 1% acetone-Ž . treated food Fig. 1; F Ž . did not differ among treatment groups data not shown . Because of the vehicle effect on corticosterone content, subsequent experiments utilized the 1% acetone solution as a vehicle control. This amount of acetone was sufficient to maintain the 77-TCB in solution prior to adding it to the food.
Acetone has been shown to negatively affect mortality, growth, and behavior in amphibians and other Ž . animals Semlitsch et al., 1995; Tunc et al., 1997 . The current results suggest that even the residues remaining after evaporation are sufficient to affect tadpole Ž . physiology Fig. 1 . Although no effects on growth were seen in the current study, we have previously noted positive effects of acetone residues on R. pipiens growth Ž . and negative effects on mortality unpublished data . Many studies utilize acetone, ethanol, or other solvents as vehicles for toxin or drug administration without testing directly for the effects of these solvents on their experimental systems, an omission which could lead to misinterpretation of results.
Behavior and Morphology
Tadpoles exposed to TCB showed decreased activity Ž . and foraging behavior compared with controls Fig. 2 . No differences in resting or feeding time were found between control and acetone-control groups on any observation date; so these groups were combined for all analyses.
Repeated-measures ANOVA of proportion of time spent resting showed significant main effects of treat-Ž . 4, 45 showed no gross, qualitative differences among groups. Tadpoles from all groups possessed intact, keratinized mouthparts and a full complement of tooth rows. Table I shows the relative growth of R. pipiens and R. syl¨atica tadpoles in single-species tanks and in tanks with competitors, in control and TCB treatments. Mean Ž . masses "SEM at the start of competition experiments were 92 " 7 mg for R. pipiens and 68 " 3 mg for R. syl¨atica. In the absence of competition, both species grew more when fed TCB-treated food than control food, with R. syl¨atica showing a greater response to control food exhibited greater growth in the presence of heterospecific competitors than when reared alone, but R. syl¨atica tadpoles grew better than their R. Ž . pipiens competitors Table I ; t s 3.2, p s 0.013 . The competitive responses of both species were dramatically reduced when tadpoles were fed TCB-treated Ž . food Table I and Fig. 3 . Furthermore, the performance difference between the two species was not seen Ž . with TCB-treated food Table I ; t s 1.6, ps 0.16 ; i.e., R. syl¨atica competitive response was reduced by feeding TCB to a larger extent than that of R. pipiens Ž . Fig. 3 .
Competitive Performance
Corticosterone Content and Response to ACTH
Tadpoles treated with 100 or 1000 ppb TCB showed decreased corticosterone content when undisturbed Ž . basal content and after ACTH injection compared Ž . with controls Fig. 4 . 4.57; p-0.0005 .
Pairwise comparison of basal corticosterone content among all TCB treatments showed a significant de- Fig. 3 . Competitive response of R. pipiens and R. sylvatica tadpoles when both were fed food containing 77-TCB or 1% acetone. Competitive response is defined as a species' relative growth in the presence of heterospecific competi-( ) tors using the mean of the three replicate tanks divided by ( its relative growth in single-species tanks mean of three ) replicate tanks; see Materials and Methods . Values greater than 1 indicate better performance in the presence of competitors than in single-species tanks. Values less than 1 indicate poorer performance in the presence of competitors. Single-species R. pipiens density was 6 per 4-L tank; R. sylvatica density was 12 per 4-L tank. Competition tanks contained 6 R. pipiens and 12 R. sylvatica tadpoles. Error ( ) bars were estimated as described in Kish 1965 . crease in the 100-ppb TCB group and the 1000-ppb TCB group compared to controls, using ␣ s 0.0125 Ž . ps 0.0003, 0.0078, respectively . No differences in corticosterone content existed among the acetone, control, and 10-ppb TCB groups.
Comparison of corticosterone content of ACTH-injected tadpoles among all TCB treatments showed a significant decrease in the 10, 100, and 1000 ppb TCB Ž groups compared to controls, using ␣ s 0.0125 ps . 0.010, 0.0006, 0.0027, respectively . The acetone group and the control group did not differ significantly.
Saline injection increased corticosterone content above basal values only in the 100-ppb TCB group Ž . p-0.0005 . Within the control, acetone, 100-ppb TCB, and 1000-ppb TCB doses, ACTH injection resulted in significantly increased corticosterone content over basal Ž levels p-0.0005, -0.0005, s 0.008, and -0.0005, . respectively . ACTH injection resulted in a nonsignificant corticosterone increase in the 10-ppb TCB group, Ž . using a corrected ␣ of 0.01 ps 0.025 . Comparing ACTH injection to saline injection within each treatment group revealed significant increases in corticosterone content in the control and 1000-ppb TCB Ž . groups p -0.0005, s 0.009, respectively , and marginally nonsignificant increases in the acetone group and 10-ppb TCB groups, using a corrected ␣ of 0.01 Ž . ps 0.037, 0.046, respectively .
Both basal corticosterone content and corticosterone content after ACTH injection decreased with increased TCB dose. The response to ACTH was superimposed on an endogenous stress response, although the response to saline injection was significant in only one group. The ratio of ACTH-injected to basal Fig. 4 . Whole-body corticosterone content of R. pipiens tadpoles fed food containing 77-TCB for 28 days, followed by injection with 0.2 IU ACTH or saline. Animals were collected 5 hr after injection for analysis of whole-body corticosterone. Uninjected animals were collected at the same time as injected animals for determination of basal corticosterone content. Error bars represent standard errors of the mean of eight individual tadpoles.
corticosterone content was similar among all groups Ž . see Fig. 4 .
DISCUSSION
This study is the first to examine the sublethal effects of chronic, controlled PCB exposure on larval amphibians. 77-TCB decreased activity and foraging behavior, altered competitive interactions, and decreased corticosterone content in R. pipiens tadpoles. These results suggest that PCB contamination has the potential to negatively affect amphibian populations at multiple organizational levels.
Behavior and Morphology
R. pipiens tadpoles exposed to TCB spent more time resting and less time feeding than unexposed tadpoles. Behavior profoundly influences tadpole growth and mortality, often mediated through effects on species Ž interactions Anholt and Werner, 1995; Relyea and Werner, 1999; Skelly and Werner, 1990; Skelly, 1992;  . Werner, 1991 . The population-level impacts of pollution's effects on behavior could therefore be significant. Other studies have reported behavioral effects of pollution on amphibians and other taxa. Jung and Ž . Jagoe 1995 found slower swimming speeds and higher predation susceptibility in hylid tadpoles exposed to low pH and high aluminum levels characteristic of environments impacted by acid rain. Lefcort et al. Ž . 1998 found decreased predator avoidance behavior in Ž . metal-exposed ranid tadpoles, and Cooke 1971 found increased predation by newts on DDT-treated tadpoles, due to changes in tadpole behavior that increased newt detection rates. Several additional studies have demonstrated behavioral effects of exposure to pollution in Ž various taxa Berrill et al. 1993; Boyd et al., 1990; Bridges, 1997 Bridges, , 1999 Dodson and Hanazato, 1995; Doving, 1991; Rosenshield et al., 1999; Semlitsch et al., . 1995 . Our study adds to the growing body of evidence demonstrating that pollution may negatively impact wildlife populations through sublethal, behavioral effects.
Competitive Performance
Lower activity and feeding rates often decrease competitive performance in tadpoles, as more active com-Ž petitors remove available resources from the water cf.
. Morin and Johnson, 1988; Skelly, 1992; Werner, 1992 . We examined the effects of TCB exposure on the competitive interaction between R. pipiens and R. syl¨atica tadpoles to distinguish effects at this higher organizational level.
The presence of resource competitors influences individual fitness, either directly through inadequate resource intake or indirectly through effects of the interaction on other larval attributes. Increased competition intensity has been shown to decrease larval size, growth rate, survivorship, length of the larval period, Ž and size at metamorphosis Brockelman, 1969; Smith, . 1987; Wilbur and Collins, 1973; Wilbur, 1977 . Both a longer larval period and a smaller size at metamorphosis can delay adult reproductive maturity, decrease size at first reproduction, and in some cases decrease adult Ž survival to first reproduction Berven and Gill, 1983; . Semlitsch et al., 1988; Smith, 1987 . Decreased growth rate and longer time to metamorphosis also may in-Ž crease exposure time to aquatic predators Werner, . 1986; Wilbur, 1980 or decrease the chance of metamorphosing before a quickly drying pond disappears Ž . Newman, 1992 . Despite the importance of competition for individual fitness, few studies have examined the interaction between pollution and species interac-Ž tions in any taxon see Cooke, 1971; Jung and Jagoe, . 1995; Kiesecker, 1996; Warner et al., 1993 . In this study we exposed both R. pipiens and R. syl¨atica to TCB simultaneously and then measured the effect of the pollutant on interspecific competition. An alternative design would be to treat the ''target'' species with a pollutant while placing it in competition with an unexposed competitor. However, the mode of adminis-Ž . tration of the TCB in the food prohibited such a design. The design used here precluded any inferences about mechanism but presumably reflected the natural condition more accurately than would single-species exposure. In a natural system it is unlikely that one species would be exposed to a contaminant while another was not exposed, especially for two species with such similar larval life histories as R. pipiens and R. syl¨atica that are known to occur in the same ponds Ž . Werner and Glennemeier, 1999 . We found that both species grew more in the pres-Ž ence of competitors than when alone see Table I and . Fig. 3 . Increased growth in the presence of competitors has been observed previously in laboratory studies Ž . Werner, 1992 and is likely an artifact of the increased overall food levels in the competition tanks compared to single-species tanks. More food is available for consumption, although per capita levels are the same. Thus, if foraging efficiency increases or if tadpoles are Ž more active in the presence of competitors cf. Anholt . and Werner, 1995 , there will be greater overall resource consumption and more opportunity for growth, provided these gains outweigh the metabolic costs of the increased activity.
The response of each species to competition changed in the presence of TCB. Since TCB decreased activity Ž . in R. pipiens tadpoles Fig. 2 , this species, when TCBexposed, may have been unable to increase activity or foraging efficiency to take advantage of elevated food levels in the competition tanks. Behavioral effects of TCB on R. syl¨atica tadpoles are unknown, although this species showed a greater TCB-exposed reduction in competitive performance than that of R. pipiens. These data suggest an interaction between TCB exposure and competitor presence that could alter predictions about competitive outcomes in polluted environments, as both species may be affected more negatively by competition in polluted habitats than in unpolluted habitats.
When competition was present, R. syl¨atica tadpoles Ž were competitively superior i.e., showed greater rela-. tive growth to R. pipiens tadpoles, but this relationship changed when both competitors were exposed to Ž . TCB Table I . These results suggest that TCB contamination in nature could potentially affect anuran community composition. For example, if competition intensity were low, growth of R. syl¨atica would be more Ž strongly enhanced by TCB than that of R. pipiens as we observed a surprising TCB enhancement of growth . in single-species treatments; see Table I . These differences could be reflected in metamorphic size and timing, both of which have important effects on fitness Ž . see above . If competition intensity were high, TCB exposure would diminish the competitive superiority of R. syl¨atica over R. pipiens, which could affect community composition and would likely affect individual fitness in the two species.
Knowledge of the effect of TCB on R. syl¨atica behavior and morphology would help to identify the mechanisms responsible for the altered competitive relationship and response observed between TCB-exposed R. pipiens and R. syl¨atica tadpoles. Furthermore, experiments in field enclosures would help determine the extent to which the tadpoles' performance in the laboratory reflects that in the natural habitat.
The decrease in basal whole-body corticosterone content caused by exposure to TCB might explain, in part, the increased growth observed in noncompeting Ž . TCB-exposed tadpoles Table I , as corticosteroids are Ž known to be growth inhibitory in most vertebrates see . Chester . Chronic exposure to high levels of exogenous corticosterone depresses Ž growth in tadpoles Hayes et al., 1993; Hayes and Wu, . 1995 . Decreased corticosterone levels would thus be expected to enhance growth, although this hypothesis has not been tested directly. Simultaneous treatment Ž with TCB and exogenous corticosterone hormone re-. placement might clarify the role of corticosterone changes in mediating the growth effects of TCB exposure.
Corticosterone Content and Response to ACTH
Corticosteroids are known to influence animal behavior Žcf. DeNardo and Sinervo, 1994; Moore and Zoeller, . 1985; Silverin, 1986; Wingfield et al., 1997 , and we hypothesized that one site for TCB's disruption of tadpole behavior is on the hypothalamo᎐pituitary᎐in-Ž . Ž . terrenal HPI axis. Interference with the HPI adrenal axis could impair normal tadpole development, as the corticosteroids and corticotropin releasing hormone Ž . CRH are known to accelerate amphibian metamor-Ž phosis Denver, , 1996 Hayes, 1995; Kikuyama et . al., 1993 . These hormones also are important mediators of the developmental response to changes in the Ž . environment such as pond drying Denver, 1997 Denver, , 1998 . Furthermore, alterations in this endocrine axis could increase an animal's susceptibility to disease or envi-Ž . ronmental stressors Carey, 1993 . Despite the importance of the corticosteroids in amphibians, no studies have examined effects of chronic, controlled OC exposure on corticosteroid production in these animals.
Importantly, the TCB doses used in the present study are much lower than those used in many PCB exposure studies and fall within the range of total PCBs found in sediments from contaminated wetlands Ž in the Midwest from nondetectable to 39 ppm dry weight in southwest Michigan; Glennemeier and Beg-. noche, in press . Several studies have found that low doses of heavy metals, OC compounds, other pollutants, and exogenous hormones have stronger effects than high doses on some physiological and behavioral Ž variables Darbre et al., 1984; Davis and Svendsgaard, 1990; Freeman et al., 1984; Reddell and Sutherland, . 1984; Vom Saal et al., 1997 . Studies that focus solely on high pollutant doses would benefit from extending their dose ranges 100-to 1000-fold lower, as low doses may produce effects that cannot be predicted by simple extrapolation from effects seen at higher doses.
We found that chronic exposure to TCB depressed basal whole-body corticosterone content. Possible sites for this depression are steroid hormone biosynthesis or metabolism. OCs are known to affect the conversion of cholesterol to pregnenalone, the rate-limiting step in Ž steroid hormone synthesis Kagawa and Waterman, 1995; Kleeman et al., 1990; Machala et al., 1998; Moore . et al., 1991 . While no studies have directly examined OC effects on steroid hormone synthesis or metabolism in amphibians, these animals should respond similarly to OC exposure as other vertebrates since steroid biosynthetic pathways are conserved among vertebrates Ž . Sandor et al., 1976 . Whole-body corticosterone content also could be decreased through actions at higher regulatory centers, such as downregulation of corticotropin releasing hor-Ž . mone CRH or ACTH secretion if TCB were acting as a glucocorticoid receptor agonist. Interrenal tissue damage also could be responsible for decreased steroid synthesis, as other studies have reported adrenal or interrenal damage in wildlife exposed to pollutants ŽBanerjee and Bhattacharya, 1994; Jonsson et al., 1993;  . Ž . Norris et al., 1997 ; but see Gendron et al., 1997 . Interference of OCs with the enzymes responsible for steroid hormone synthesis or degradation seems the most likely explanation for the current results, given the strong evidence for such effects in other animals.
Regardless of the mechanism by which TCB alters corticosterone content in R. pipiens tadpoles, a question arises from the current results as to the potential impact on R. pipiens populations of such an alteration. The developmental actions of corticosteroids are well Ž . known see above , but almost nothing is known about the role of corticosteroids in tadpole ecology or what constitutes a natural ''stressor.'' We are currently examining the consequences of small changes in corticosterone for R. pipiens fitness, determining the role of corticosterone in mediating tadpoles' responses to environmental change, and identifying natural stressors in the environment that activate this endocrine axis.
The current results suggest that TCB exposure could significantly impact amphibian individual-and population-level fitness through effects at multiple organizational levels. This impact may be especially pronounced in disturbed environments where the response to stressors or habitat changes could be critical to population viability. Elucidation of the endocrine stress axis' role in mediating such responses will help to predict the long-term consequences of exposure to compounds that interfere with corticosterone and this endocrine axis.
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